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Abstract
Macronutrients and trace metals are incorporated into phytoplankton during growth and regenerated back into
the water column when phytoplankton decay, a process that contributes to the distributions of dissolved trace
metals and macronutrients in depth proﬁles. To study this, we incubated mixed Gulf of Mexico phytoplankton
assemblages and monocultures of the diatom Pseudo-nitzschia dolorosa and the dinoﬂagellate Karenia brevis in the
dark. Over 6 months, macronutrients (phosphate, silicic acid, nitrate + nitrite, nitrite, ammonium), chlorophyll-a,
particulate organic carbon and nitrogen, and prokaryotes were monitored alongside dissolved manganese (Mn),
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), and lead (Pb). Results were compared to
depth proﬁles to evaluate the role of regeneration in trace metal cycling. In contrast to water-column distributions,
silicic acid and phosphate were closely coupled in experiments containing diatoms, indicating a shared regeneration pathway. Nitriﬁcation and nitrifying prokaryotes were only observed near the end of a subset of the experiments. Of the trace metals, Cd was most tightly coupled with phosphate. Regeneration of Mn was followed by
rapid drawdown, consistent with Mn-oxide formation. Iron (Fe), Cu, and Pb typically remained low until Mn was
depleted, suggesting either scavenging to Mn-oxides or otherwise delayed regeneration of these elements. Cobalt
(Co) and Ni were largely conservative, but behaved like nutrients in the experiment using more offshore water
low in Cd and Zn. Although experimental conditions were limited in their representation of the water column,
these incubations provide novel insight into macronutrient and trace metal regeneration in the oceans.

At the base of the marine food web, phytoplankton require
the macronutrients carbon (C), nitrogen (N), and phosphorous
(P) to build cellular organic matter, and, for diatoms, silicon
(Si) to build frustules (Redﬁeld 1934; Brzezinski 1985). Phytoplankton also assimilate a suite of trace metals into their cells,
including manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni),
copper (Cu), zinc (Zn), cadmium (Cd), and lead (Pb) (Brand et al.
1983; Sunda 1989; Bruland et al. 1991; Ho et al. 2003; Sunda
2012). These trace metals largely act as micronutrients, required
for the function of various enzymes (Sunda 1989, 2012), and
have been found in phytoplankton with a general relative cellular abundance of Fe ≈ Zn > Mn ≈ Ni ≈ Cu > Co ≈ Cd (Bruland
et al. 1991; Ho et al. 2003; Twining and Baines 2013).
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Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modiﬁcations or adaptations are made.
Additional Supporting Information may be found in the online version of
this article.

As macronutrients and many trace metals are essential for
phytoplankton growth, phytoplankton and bacteria are major
drivers in the vertical cycling of these elements. Trace metals
and macronutrients are incorporated into phytoplankton in
the euphotic zone and regenerated back to the dissolved phase
as cells decay throughout the water column. This regeneration
is mediated in part by bacteria and grazers (Caron et al. 1988;
Hutchins and Bruland 1994; Lee and Fisher 1994; Bidle and
Azam 1999; Barbeau et al. 2001; Burkhardt et al. 2014) and
has been well documented for macronutrients (Martin et al.
1987; Anderson and Sarmiento 1994). The timing and speciation of the regeneration of trace metals, however, remain
poorly understood. In particular, despite their role as important micronutrients, depth proﬁles of essential trace metals
often deviate from the classic nutrient-type proﬁles of macronutrients (Johnson et al. 1997; Twining et al. 2014; Boyd et al.
2017; Tagliabue et al. 2017), reﬂecting the combination of abiotic and biotic factors that inﬂuence trace metal regeneration
and scavenging in seawater.
In the oceans, Mn concentrations are controlled by nutritive
uptake by phytoplankton, subsequent regeneration, and precipitation at depth by Mn-oxidizing bacteria (Sunda and Huntsman
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1987, 1988, 1990; Tebo et al. 2004). Coupling between Mn and
Co may occur as a result of either scavenging of Co to Mn-oxides
or co-oxidation of these elements via a shared pathway (Tebo
et al. 1984; Lee and Fisher 1993; Moffett and Ho 1996). The formation of Mn-oxides may also result in the scavenging of Ni and
other bioactive trace metals (Balistrieri and Murray 1986; Tani
et al. 2004). Iron (Fe) has received considerable attention due to
its central role in governing ocean primary productivity (Martin
and Fitzwater 1988; Sunda 2012). Iron concentrations are
inﬂuenced by a variety of processes including nutritive uptake,
eolian dust deposition, oxidation, and particle scavenging
(Johnson et al. 1997; Tagliabue et al. 2017). Copper (Cu), which
has a hybrid-type proﬁle in the oceans, is also inﬂuenced by both
nutritive uptake and scavenging (Bruland 1980; Jacquot and
Moffett 2015). Lead (Pb) is deposited at the ocean surface from
atmospheric sources and scavenged by particles through the
water column (Fisher et al. 1983, 1987; Moore and Dymondt
1988; Boyle et al. 2014). Nickel (Ni), Zn, and Cd, on the other
hand, generally display the most classic nutrient-type proﬁles of
the trace metals in the water column; these elements exhibit
depletion at the surface and increased concentrations at depth,
although Ni is not fully utilized from surface waters (Boyle et al.
1976; Sclater et al. 1976; Bruland 1980).
As early as the 1930s, phytoplankton decay experiments have
been conducted to measure dissolved macronutrient regeneration over time (Von Brand et al. 1937, 1939, 1942; Von Brand
and Rakestraw 1941; Grill 1964; Garber 1984). Particle suspension experiments have offered further insight into trace metal
sorption kinetics and partitioning (Balistrieri and Murray 1984;
Nyffeler et al. 1984; Garnier et al. 1997), and radiotracer studies
have measured release rates of some trace metals (e.g., Co, Zn,
Cd) from phytoplankton in culture experiments (Lee and Fisher
1992; Fisher and Wente 1993). Recent dark incubation studies
have examined the regeneration of Fe from mesopelagic particles collected in situ (Bressac et al. 2019), and of Fe and Mn from
benthic sediments (Cheize et al. 2019). Substantial progress has
also been made in modeling trace metal regeneration throughout the water column from particle ﬂux studies (Twining et al.
2014; Boyd et al. 2017; Bressac et al. 2019). Nevertheless, a gap
still exists in understanding the timeline of trace metal regeneration over the course of phytoplankton decay, a process central
to ocean water column distributions. Our study addresses this
gap speciﬁcally by monitoring the release of a suite of dissolved
trace metals and macronutrients from decaying phytoplankton
in a controlled environment.
The aim of this study was to characterize the regeneration of
both macronutrients and trace metals during phytoplankton
decay. Using a series of ﬁve controlled incubation experiments,
dissolved macronutrients (phosphate, silicic acid, nitrate +
nitrite [“N + N”], nitrite, ammonium) and trace metals (Mn, Fe,
Co, Ni, Cu, Zn, Cd, Pb) were monitored over 6 months in darkness through the decay of blooms of natural Gulf of Mexico
(GoM) phytoplankton assemblages and of monocultures of two

GoM isolates: the diatom Pseudo-nitzschia dolorosa and the dinoﬂagellate Karenia brevis.

Methods
Incubation setup
Five regeneration experiments were performed, with all incubations subjected to complete darkness for 6 months and monitored as the phytoplankton decayed. Three of these experiments
were conducted with natural, mixed GoM phytoplankton assemblages (M1, M2, M3), and one each with monocultures of the
GoM-isolated phytoplankton species P. dolorosa (P1) and K. brevis
(K1) as described below.
Natural assemblages, M1
Surface seawater for the M1 experiment was collected from the
GoM on the West Florida Shelf,  33 km offshore (28 510 N,
83 110 W) on 8 September 2016 from a small vessel (Fig. 1) (in situ
temperature [T] = 29.3 C, salinity [S] = 30.4). Seawater was collected in a 50-L polypropylene (PP) carboy that had been acidcleaned with 10% trace metal grade (TMG) hydrochloric acid
(HCl; Fisher), rinsed with Milli-Q water (> 18.2 MΩ cm), and
triple-rinsed with sample seawater prior to ﬁlling. After ﬁlling and
bringing back to the laboratory, the carboy was homogenized by
rolling it several times. From this carboy, 20 L was divided into 1-L
polycarbonate (PC) incubation bottles that had been acid-cleaned
with 10% HCl (Fisher, TMG), rinsed with Milli-Q (> 18.2 MΩ cm),
and triple-rinsed with experimental seawater prior to ﬁlling.
A bloom was induced in the 1-L incubation bottles with the addition of 4 nmol L−1 of ferric chloride (FeCl3), 50 μmol L−1 nitrate,
50 μmol L−1 silicic acid, and 3.1 μmol L−1 phosphate, and incubated in a temperature-controlled environmental chamber at
20 C under blue lights (Philips 36 W, 10–15 μmol photons
m−2 s−1) (Buck et al. 2010) on 12-h light/dark cycles. Separate

Fig. 1. Sampling locations (white circles) in the Gulf of Mexico for M1,
M2, and M3 mixed assemblage incubation experiments, and for the seawater used for P1 and K1 monoculture experiments.
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triplicate bottles incubated in a heavy-duty black garbage bag
served as a dark control. After 13 d in the incubator, the dark
controls were sampled, and contents of the light bottles
were combined into a single acid-cleaned and Milli-Q
(> 18.2 MΩ cm) rinsed 20-L polycarbonate (PC) carboy. The
combined seawater was then sampled and placed in an
enclosed dark incubator at room temperature (22–26 C) for
the regeneration experiment. All macronutrient stocks were
pumped through a chelating resin column (Chelex, Bio-Rad) at
approximately 2 mL min−1 to remove trace metals prior to use,
and the silicic acid solution was maintained at pH  13 to prevent polymerization. All samples were collected following
trace metal clean techniques in a positive pressure and highefﬁciency particle air (HEPA)-ﬁltered Class 100 clean air environment. The M1 experiment was the only experiment not
bubbled with air and was instead simply vented to the atmosphere during sampling.
Natural assemblages: M2 and M3
Surface GoM seawater for the M2 and M3 experiments was
collected on 1 March 2018,  8 km offshore over the West Florida Shelf (27 590 N, 82 550 W) on the R/V W. T. Hogarth (Fig. 1)
(in situ T = 23.2 C, S = 36.9). A trace metal clean tow-ﬁsh system
with a Teﬂon diaphragm pump was used to collect seawater into
an acid-cleaned and seawater-rinsed 50-L PP carboy, which was
homogenized by swirling in an upright circular motion. This
water was then distributed into two acid-cleaned and seawaterrinsed 20-L PP incubation carboys (“M2” and “M3”). The stable
isotope 57Fe (95.06% enriched, Isoﬂex USA) was added as the
source of Fe from an 86 μmol L−1 stock solution in 0.024 mol L−1
HCl (Fisher, Optima). A bloom was induced in the incubation
carboys by adding 4 nmol L−1 57FeCl3, 50 μmol L−1 nitrate,
50 μmol L−1 silicic acid, and 3.1 μmol L−1 phosphate, using the
same macronutrient stocks as for the M1 experiment. The 20-L
carboys were then incubated in a temperature-controlled environmental chamber at 25 C under white lights (Sylvania 40 W
47.7800 T12 cool white ﬂuorescent bulbs, 80–120 μmol photons
m−2 s−1) on 14-h light/10-h dark cycles. The light conditions of
M2 and M3 were altered from those of M1 to better approximate
surface conditions in the GoM. Carboys were mixed once daily
by gentle shaking and rotated periodically in order to maintain
even light exposure. After 14 d in the incubator, the carboys were
placed in darkness at room temperature (22–26 C) by enclosing
each in two heavy-duty black garbage bags, and compressed air
was bubbled into both carboys to prevent oxygen depletion. Dissolved oxygen (DO) levels and pH were checked with a handheld
YSI meter (ProDSS) every  1 month by gently pouring off an aliquot into a separate container and reading immediately
(Table S1).
Monocultures of P. dolorosa and K. brevis, P1 and K1
Filtered low-nutrient GoM surface seawater for the P1 and
K1 experimental matrix was collected  270 km offshore
(27 320 N, 85 350 W) on the R/V Weatherbird II on 2 November
2017 (Fig. 1; in situ T = 26.8 C, S = 35.1). An in-line pumping

system with a Teﬂon diaphragm pump was used to collect seawater through a 0.45-μm Teﬂon membrane (GE Osmonic) that
had been rinsed with methanol (Fisher, ACS grade), acidcleaned with 10% HCl (Fisher, TMG), and thoroughly ﬂushed
with sample seawater prior to use. The ﬁltered seawater was
homogenized in two acid-cleaned (see Natural assemblages,
M1) and seawater-rinsed 50-L PP carboys and distributed into
two acid-cleaned and seawater-rinsed 20-L PP incubation carboys; the extra seawater was saved for rinses and experimental
setup.
Cell cultures of P. dolorosa (P1) and K. brevis (K1) were isolated and maintained by the Florida Fish and Wildlife Research
Institute (FWRI) prior to experiments. P. dolorosa, a pennate
diatom (size range: 2.5–3.0 μm width, 29–59 μm length;
Lundholm et al. 2006) was cultured to stationary phase in f/2
media (Guillard and Ryther 1962; Guillard 1975). Cells were
then gradually acclimated to ﬁltered GoM seawater amended
with 4 nmol L−1 FeCl3, 50 μmol L−1 nitrate, 50 μmol L−1 silicic
acid, and 3.1 μmol L−1 phosphate over the course of three successive weekly transfers. These cells were then concentrated by
vacuum ﬁltration and rinsed and resuspended to 50 mL with
ﬁltered GoM seawater to remove the medium, and the
resulting concentrate was added to 15 L seawater; the resulting
initial cell density was not counted for P1.
K. brevis, an athecate dinoﬂagellate (measured cell volume:
3460  180 μm3), was grown to stationary phase in GSe/20
media + soil extract (Table S2) according to previously described
methods (Blackburn et al. 2001). The soil extract contained an
unknown quantity of macronutrients and trace metals and was
prepared by mixing 100 g of soil collected from a local wildlife
preserve in 1 L Milli-Q (> 18.2 MΩ cm), ﬁltering (< 0.2 μm) the
slurry, and autoclaving, then was added to the GSe/20 medium
at 5–20 mg L−1. The cells were too fragile to be concentrated by
vacuum ﬁltration, instead 750 mL of culture was added directly
to 10 L of the ﬁltered offshore seawater, resulting in a starting cell
density of 428  44 cells mL−1.
Carboys for P1 and K1 were placed in darkness at room
temperature (22–26 C) and bubbled with air as described for
the M2 and M3 experiments above, and DO levels and pH
were monitored (Table S1).
Sampling and analyses
Chlorophyll-a
Samples for Chlorophyll-a (Chl a) were ﬁltered onto 0.7-μm
GF/F glass microﬁber ﬁlters (Whatman®), frozen (−20 C) in
foil-wrapped 15-mL acid-cleaned PP centrifuge tubes (Falcon),
and extracted in methanol (Fisher, HPLC) overnight at −20 C.
The extracts were then measured ﬂuorometrically before and
after acidiﬁcation with one to two drops of 10% HCl (Fisher,
TMG; Holm-Hansen and Riemann 1978). A Turner 10-AU
solid secondary standard was run daily to account for instrument drift. The ﬂuorometer was calibrated prior to use with a
Chl a standard (Sigma, Anacystis nidulans) dissolved in methanol (Fisher, HPLC).
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Particulate organic carbon and nitrogen
Samples for particulate organic carbon (POC) and particulate
organic nitrogen (PON) were collected by vacuum ﬁltration
(100 mL each) on a 12-port Millipore ﬁltration rig onto precombusted GF/F Whatman® glass microﬁber ﬁlters (0.7 μm),
rinsed with 100-mL Milli-Q (> 18.2 MΩ cm), wrapped loosely in
aluminum foil, and stored at −20 C according to the Bermuda
Atlantic Time-series Study (BATS) protocol (www.bios.edu/
research/projects/bats). Filters were then prepared for analysis by
drying overnight at 50 C and encapsulating in 50 × 50-mm tin
foil squares (EA Consumables), which gave no detectible C or N
blank. Samples were analyzed for bulk composition using standard methods (Werner et al. 1999) of continuous ﬂow elemental
analysis on a ThermoFinnigan DeltaPLUS XL Isotopic Ratio Mass
Spectrometer. Each set of 19 samples was accompanied by a sixpoint calibration curve prepared with National Institute of Standards and Technology (NIST) standards 8573, 8574, and 1570a. A
mid-run standard (NIST 1570a) and end-of-run four-point calibration check served as additional quality controls (QCs) to monitor uncertainty. Measurement uncertainties, expressed as  1
standard deviation of n = 10 measurements of NIST 1570a
(N = 5.57  0.68%, C = 38.21  0.71%) were  5.91% relative
standard deviation (RSD) for %N and  5.38% RSD for %C.
Macronutrients
Samples for soluble reactive phosphate (SRP) (“phosphate”),
silicic acid, nitrate + nitrite (“N + N”), nitrite, and ammonium
from experiments M2, M3, P1, and K1 were vacuum ﬁltered
through sequential acid-cleaned 3- and 0.2- or 0.4-μm PC tracketched (PCTE, Whatman®) ﬁlters (Table S4; refer to “Dissolved
trace metals” section) into 50 mL acid-cleaned, sample-rinsed PP
centrifuge tubes (Falcon). Samples from M1 were vacuum ﬁltered
through 0.7-μm GF/F glass microﬁber ﬁlters (Whatman®) into
60- or 125-mL acid-cleaned high-density polyethylene bottles.
No difference in macronutrient concentrations was expected
between the PCTE and GF/F ﬁlters (Knefelkamp et al. 2007). Samples were stored frozen at −20 C, thawed, and brought to room
temperature before analysis; for silicic acid, a subset of sample
duplicates were stored refrigerated and frozen, and a comparison
between the two gave similar values (data not shown). All samples were analyzed on a Lachat 8500 QuickChem Flow Injection
Analysis System using standard colorimetric methods (Parsons
1984). Ammonium was measured immediately after uncapping
to minimize atmospheric exchange. A daily ﬁve-point calibration
curve in GoM low-nutrient surface seawater (LNSW) was made
from three mixed nutrient stocks of silicic acid, nitrate plus phosphate, and nitrite plus ammonium prepared according to standard methods (Parsons 1984). Limits of detection (LODs) for
phosphate (0.1 μM), silicic acid (2.2 μM), N + N (1.6 μM), nitrite
(0.1 μM), and ammonium (0.7 μM) were determined by taking
three times the standard deviation of the seawater blank. An
additional mid-curve calibration standard was run every seventh
sample as a QC, and the standard curve was reanalyzed at the end
of every run to monitor instrument drift.

Electron microscopy
Unﬁltered seawater from M2 and M3 was collected in 15-mL
acid-cleaned PP centrifuge tubes (Falcon), ﬁxed with iodine
(“Lugol’s solution”), and stored 3–7 months in the dark at room
temperature before analyzed by SEM. Fixed samples (4–10 mL)
were ﬁltered onto a 25-mm, 0.2-μm PC ﬁlter (Millipore) using a
hand held vacuum pump. Filters were dried 2–3 h or overnight in
a desiccator. Dried ﬁlters were attached at the edges to a 25-mm
aluminum stub using double stick glue tabs and secured at the
edges using Cu-tape. Aluminum stubs with attached ﬁlter were
then coated with a thin ﬁlm of gold palladium (AuPd) in a Hummer 6.2 sputter coater. Samples were examined on a Hitachi
S-3500-N variable pressure scanning electron microscope at high
vacuum using an accelerating voltage of 15 kV.
Prokaryotic abundance
Unﬁltered seawater from M2, M3, P1, and K1 was collected
in 3-mL cryovials (Argos PolarSafe), ﬁxed with a 25%
gluteraldehyde solution (60 μL), ﬂash-frozen in liquid nitrogen, and stored at −80 C. Sample aliquots of 400 μL were stained with a ﬁnal concentration of 0.1% SYBR Green I nucleic
acid gel stain (Invitrogen) following standard protocols (Marie
et al. 1997, 2005) and analyzed by ﬂow cytometry (Attune
NxT, Invitrogen) with 488- and 633-nm lasers and standard
ﬁlters. Sampling rates were below the instrument maximum
event capacity (65,000 events s−1); beads of standard sizes
(0.79–16 μm), SYBR ﬂuorescence (a proxy for DNA content),
and red autoﬂuorescence (proxies for chlorophyll and phycocyanin) were used to inform gating and to differentiate heterotrophic and autotrophic prokaryotes. Sterile seawater was used
for blanks. Flow cytometry data were analyzed using FCS
Express 6 (DeNovo Software). Mean abundances were calculated from triplicate replicates of 24 samples, and from duplicates of the remaining ﬁve samples.
16S ribosomal RNA gene analysis
Single replicates of the 3 μm and 0.2 μm ﬁlters from a subset of
sample time points from M2, M3, P1, and K1 experiments were
saved for 16S ribosomal RNA (rRNA) gene sequencing. A minimum of 100 mL sample seawater was vacuum ﬁltered through
the sequential acid-cleaned 3-μm (“large” size fraction) and
0.2-μm (“small” size fraction) PCTE ﬁlters (see “Dissolved trace
metals” section), which were placed in 3-mL cryovials (Argos
Polarsafe), ﬂash-frozen in liquid nitrogen, and stored at −80 C
until processing. The details of sample processing, ampliﬁcation,
and sequencing are provided in Supplementary Information Appendix S1.
Given that replicate samples were not collected for prokaryotic community composition analyses due to sample volume
limitations, these data are provided as Supplementary Information Appendix S1 and should only be used to support
trends observed in the chemical data. Sequences are available
at the NCBI Sequence Read Archive database (SRA accession
number PRJNA590710).
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2.2  0.2 (n = 2)
2.21  0.11
0.031  0.009 (n = 3)
0.03
0.020  0.008 (n = 6)
2.81  0.05 (n = 8)
2.7  0.2 (n = 4)
4.3  0.3 (n = 5)
8.6  0.6 (n = 2)
8.37  0.25
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0.03  0.03 (n = 6)
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0.4  0.2 (n = 4)
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0.54  0.04 (n = 2)
0.65  0.04
Air blanks
LOD
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GoM QC
GSP 230
GSC 207
SAFe D1
SAFe D1,
consensus

0.0020  0.0001 (n = 3)
0.0003
0.005  0.002 (n = 6)
1.1  0.2 (n = 8)
0.83  0.02 (n = 4)
2.2  0.1 (n = 5)
0.39  0.03 (n = 2)
Not available

0.7  0.2 (n = 3)
0.6
5  6 (n = 6)
86  9 (n = 8)
8  1 (n = 2)
115  18 (n = 4)
43  3 (n = 2)
44.3  4.6

Pb
(pmol L−1)
Cd
(pmol L−1)
Zn
(nmol L−1)
Cu
(nmol L−1)
Ni
(nmol L−1)
Co
(pmol L−1)
Fe
(nmol L−1)
Mn
(nmol L−1)

Dissolved trace metals (Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb)
Dissolved trace metal samples were vacuum ﬁltered through
sequential acid-cleaned 3-μm and either 0.2- or 0.4-μm PCTE
(Whatman®) ﬁlters using a Teﬂon dual-stage ﬁlter holder
(Savillex) on a custom acrylic base, and collected in acid-cleaned
and sample-rinsed 125-mL low-density polyethylene (Nalgene)
bottles. The 0.2-μm ﬁlter size was used for all samples except
M2–M3 day –14 (pregrow-out) and days 0–3, when 0.4-μm ﬁlters were used; similar dissolved trace metal concentrations were
found on day 7 between the two ﬁlter sizes (Table S5). Filtered
samples were acidiﬁed with 0.5 mL of 6 M HCl (Fisher, Optima)
to 0.024 M HCl (pH  1.8) (Johnson et al. 2007), and stored at
room temperature for a minimum of 1–2 weeks prior to analysis. All sample processing was conducted in a laminar ﬂow
HEPA-ﬁltered work station (AirClean Systems).
Prior to analysis, dissolved trace metals were preconcentrated
by adapting previously described methods (Biller and Bruland
2012) to an Elemental Scientiﬁc (ESI) seaFAST system (seaFASTpico™) (Lagerström et al. 2013). To ensure complete recovery of
Cu and Co, all samples were ﬁrst ultraviolet-oxidized (Jelight,
Model 342) for 90 min (Milne et al. 2010; Biller and Bruland
2012) in 30-mL acid-cleaned Teﬂon vials (Savillex) capped with
Teﬂon lids custom-ﬁtted with quartz windows. Teﬂon vials and
caps were cleaned in concentrated aqua regia prior to initial use
and in heated 10% HCl (Fisher, TMG) between uses thereafter.
Trace metals were preconcentrated by a factor of 25 on a Nobias
Chelate-PA 1 resin (Sohrin et al. 2008) using seaFAST. We generally followed ESI recommendations, with minor modiﬁcations to
the buffer and elution acid (EA) procedures. The buffer was prepared in Milli-Q (> 18.2 MΩ cm) with 320 g acetic acid (Fisher,
TMG) and 460 g concentrated ammonium hydroxide (Fisher,
Optima) per 1 L, then adjusted to pH 7.6  0.1 with HCl and/or
additional ammonium hydroxide; the buffer was cleaned inline
through a seaFAST cleaning column. The sample (10 mL) was
mixed inline with the clean 5.4 M ammonium acetate buffer
added at 350 μL min−1 over 400 s to obtain a pH of 6.4  0.2
(NBS scale) before loading onto the chelating resin. Once loaded,
the column was rinsed with Milli-Q (> 18.2 MΩ cm), and trace
metals were eluted from the resin with 0.4 mL of EA. The EA was
prepared by adding 10 ng g−1 indium (In) and rhodium (Rh) as
internal standards to 5% triple-distilled nitric acid (HNO3) in
Milli-Q (> 18.2 MΩ cm), which allowed full recovery of trace
metals from the resin and higher sensitivity during the analyses.
The column was rinsed with 2% HNO3 (Fisher, TMG) between
each sample.
Each seaFAST sample set ( 150 samples) was accompanied
by a minimum of eight GoM QC samples, six reference
samples, six manifold (air) blanks, and six procedural (seawater-spiked Milli-Q) blanks dispersed throughout the run
(Table 1), and a six-point GoM seawater calibration curve at
the beginning and end of each set. QC samples were prepared
from a 50-L carboy of ﬁltered (< 0.2 μm) seawater previously
collected in the GoM. The SAFe 1000-m reference sample D1
(Johnson et al. 2007), in addition to GEOTRACES surface

(Johnson et al. 2007). LODs were determined as three times the standard deviation of the air blanks and evaluated separately for each seaFAST sample run; a representative sample set of air blanks and corresponding LOD values is reported. All other values for Milli-Q blanks, QCs, and GEOTRACES and SAFe samples are averaged across datasets. All samples were divided by the preconcentration factor after subtracting the air blank average (except the air blank itself, which was only
divided by the preconcentration factor). Values excluded by Grubb’s test (p > 0.05) are not reported. Error is represented by the standard deviation of analytical
replicates (n > 2) or difference from the mean (n = 2). D1 consensus values were converted from mol kg−1 to mol L−1 assuming a seawater density of
1.025 g mL−1. Up-to-date consensus values for SAFe samples can be found on the GEOTRACES website (http://www.geotraces.org/sic/intercalibrate-a-lab/stand
ards-and-reference-materials). No consensus values exist for GSC or GSP, or for D1 Mn as of this writing.
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Table 1. Averages  standard deviations for Milli-Q blanks, GoM QCs, GEOTRACES intercalibration standards (GSP and GSC), and SAFe reference standard D1
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water reference standards GSP 230 (central North Paciﬁc) and
GSC 207 (coastal North Paciﬁc) served as additional QCs.
Manifold (air) blanks were obtained by drawing ambient
HEPA-ﬁltered air into seaFAST with the autosampler and
treating it as a sample, which accounted for contributions
from the seaFAST manifold, EA, buffer, and Thermo-Scientiﬁc
Element XR inductively coupled-plasma mass spectrometer
(ICP-MS) system. Procedural blanks prepared by spiking MilliQ (> 18.2 MΩ cm) with 0.1% QC seawater accounted for the
sources listed above for air blanks in addition to contributions
from the Milli-Q and seawater spike, sample preparation, and
seaFAST tubing. The contribution of these additional sources
was calculated by subtracting the seawater spike and air blank
averages from the total procedural blank value. Mixed metal
calibration curves were prepared in GoM QC seawater from
mixed metal stock solutions prepared from standards (ULTRA
Scientiﬁc, A-grade) of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in
10% nitric acid (Fisher, Optima).
After seaFAST preconcentration, trace metals were analyzed
on a Thermo Element XR-ICP-MS. Counts for 55Mn, 56Fe, 57Fe,
59
Co, 60Ni, 63Cu, 66Zn, 95Mo, 98Mo, 103Rh, 110Cd, 111Cd, 115In,
and 208Pb were measured and normalized to the In internal
standard, as recommended by ESI. Data normalized to Rh (not
shown) gave comparable results. A six-point EA calibration
curve and three EA blanks were prepared without
preconcentration to quantify recovery from the chelating resin,
and a Mo standard curve was applied to correct for Mo–oxide
interferences with Cd (Wu and Boyle 1997). An EA blank or calibration standard was run after every 10 samples on the XR-ICPMS, and the EA calibration curve was rerun at the end of the run
to monitor instrument drift. Trace metal concentrations in the
preconcentrated samples were determined by standard addition:
normalized counts were divided by the slope of the seawater calibration curve, the air blank average was subtracted from each sample, and the ﬁnal value was divided by the preconcentration
factor. LODs were assessed based on three times the standard deviation of the air blank divided by the preconcentration factor
(Table 1).
For M2 and M3 sample analyses, separate 57Fe standard curves were made in seawater (and processed through the
seaFAST preconcentration system with the samples) and in EA
(for direct detection on the ICP-MS) using the same 57Fe stock
solution used in the incubations. The amount of 57Fe added to
the experiments was determined as described above for the
rest of the metals but using the 57Fe standard curves. These
values were corrected for any natural abundance 57Fe in the
samples, which was determined by measuring the amount of
57
Fe as a function of increasing dissolved Fe in the mixed
metals standard curve. Since 56Fe counts were used to calculate
total dissolved Fe concentrations in the samples using the
mixed metals standard curves, we also corrected the sample
results for any 56Fe present in the 57Fe standard used for the
experimental additions; this was calculated by measuring 56Fe
as a function of 57Fe additions in the 57Fe EA standard curve.

In all cases, the counts for 56Fe and 57Fe were ﬁrst normalized
prior to the calculations. We estimated the purity of our 57Fe
stock solution to be 97.0  0.3% (n = 8) based on measurements of 56Fe as a function of 57Fe standard additions in our
57
Fe EA standard curves.

Results and discussion
Grow-out: Mixed assemblages (M1, M2, M3)
Prior to the onset of regeneration experiments using oligotrophic GoM surface water, it was necessary to promote biomass growth of natural mixed phytoplankton assemblages.
This was accomplished by amending unﬁltered GoM seawater with macronutrients and Fe and incubating in
temperature- and light-controlled environments (see
“Methods” section).
In all three of the mixed assemblage experiments, large
increases in biomass were achieved over the 13–14 d grow-outs
(Fig. 2a; Table S3). Initial Chl a concentrations were low in all
experiments: 1.1 μg L−1 for M1 waters and below the limit of
quantiﬁcation (LOQ) for M2 and M3. After macronutrient and
Fe enrichment and 13 d in the incubator, M1 Chl a increased to
23.3 μg L−1, and then continued to increase in the dark to reach
a maximum of 31.2 μg L−1 on day 3 (Fig. 2a; Table S3). The relatively low blue light conditions of the M1 grow-out may have
led to the slower growth and continued growth in the dark for
this experiment; for subsequent experiments (M2, M3), brighter
white lights were used to better approximate GoM surface conditions. No POC or PON samples were collected for M1. In M2
and M3, Chl a concentrations reached 11.9 and 27.0 μg L−1,
respectively, after 14 d in the incubator (Fig. 2a; Table S3). Over
these 14 d, POC increased from 53 to 112 μmol L−1 in M2 and
from 45 to 219 μmol L−1 in M3 (Fig. 2c; Table S3). Similarly,
PON increased from below the LOQ in both experiments to
14 μmol L−1 in M2 and 23 μmol L−1 in M3 (Fig. 2e; Table S3).
The higher Chl a, POC, and PON in M3 relative to M2 suggests
incomplete homogenization of the collection carboy, resulting
in differences in biomass following the grow-out.
SEM conﬁrmed that diatoms were the dominant phytoplankton group at the end of the grow-out phase in M2 and M3
(Fig. 3a,b). No SEM samples were collected for M1, but a similar
Chl a response with concomitant silicic acid drawdown in this
experiment indicates that the growth in M1 was also most likely
dominated by diatom communities. In M2, the most commonly
observed diatoms were small pennates (5–10 μm width,
10–20 μm length), while in M3, larger (150–300 μm) pennate diatoms were more abundant. In both experiments, diatom spores
and the pennate Thalassionema sp. were observed. Neither
Pseudo-nitzschia spp. nor K. brevis, the culture isolates used for our
P1 and K1 experiments, respectively, were deﬁnitively identiﬁed
by microscopy in the mixed assemblage experiments (Fig. 3),
which may be a result of poor preservation in the Lugol’s ﬁxative.
Macronutrient (phosphate, silicic acid, and N + N) drawdown in the grow-out experiments (Fig. 4a,c,i) generally tracked
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Fig. 2. Concentrations of chlorophyll-a (Chl a, μg L−1, a,b), particulate organic carbon (POC, μmol L−1, c,d), and particulate organic nitrogen (PON,

μmol L−1, e,f). Note the different y-axes in some ﬁgures. For the mixed assemblage experiments (left panel), M1 data are plotted on the left axes, M2
and M3 on the right axes. No POC or PON data were collected for M1. For the monoculture experiments (right panel), Pseudo-nitzschia dolorosa
(P1) data are plotted on the left axes, and Karenia brevis (K1) data on the right axes. Vertical dashed lines represent initiation of the dark experiments
(day 0), with grow-out data assigned negative day values; no grow-out data are available from P1 and K1. Error bars represent the standard deviation of
sample replicates (n > 2) or difference from the mean (n = 2); error bars not visible are smaller than data symbols. Values below the LOQ for Chl a (≤ 5
raw ﬂuorescence units), POC (≤ 1.7 μmol ﬁlter−1), or PON (≤ 1.4 μmol ﬁlter−1) are plotted as zero concentration data.

with the patterns of biomass accumulation (Fig. 2). The M2
and M3 experiments had higher initial macronutrient and Fe
concentrations than M1 (Tables S4, S5), consistent with the
more coastal waters used for these experiments (Fig. 1). Both
M2 and M3 exhibited greater macronutrient drawdown than
M1, in spite of the lower biomass observed in M2 relative to
M1 and M3; complete drawdown of N + N and phosphate, as
well as nearly all silicic acid, was observed in M3 (Fig. 4). In
M1, phosphate and silicic acid both achieved minima on day
1 in the dark and N + N on day 3 in the dark, when the maximum in Chl a was reached. In M2, which had the lowest biomass accumulation of the three experiments (Fig. 2a,c;
Table S3), slightly elevated levels of nitrite (0.87 μmol L−1) and
ammonium (2.6 μmol L−1) were detected by the end of the
grow-out (Fig. 4e,g; Table S4), indicating that regeneration may
have already begun to exceed growth despite residual N + N
and phosphate (Fig. 4a,i). It remains unclear what may have led
to the limited growth in this experiment. Initial abundances of
heterotrophic prokaryotes were similar in both experiments
(Fig. 5a), and while no zooplankton were observed in the SEM
images, they were not deliberately excluded during experimental setup and, along with incomplete homogenization of the

source water carboy, may have also played a role in these
differences.
Dissolved Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb were also
measured before and after the grow-out phases of the M1, M2,
and M3 experiments. With the exception of Pb, initial concentrations of trace metals were higher in the experiments
that utilized more inshore water (M2 and M3; Figs. 6–8;
Table S5). All dissolved trace metals decreased by a detectable
amount in the three grow-out experiments (Figs. 6–8;
Table S5). For Fe, some of this decrease can be attributed to
wall loss (Fischer et al. 2007; Fitzsimmons and Boyle 2012;
Mellett et al. 2018), but for the other trace metals, wall loss
can likely be ruled out. While a prior incubation experiment
suggested possible wall loss for Mn, Cu, and Zn in PC bottle
experiments (Coale 1991), no wall loss of Mn, Cu, or Zn
(Fitzwater et al. 1982) or of Mn, Co, Ni, Cu, Cd, or Pb (Mellett
et al. 2018) was observed in others. Thus, the decrease of trace
metals during the grow-out was attributed primarily to biogenic uptake and to scavenging on the accumulated biomass.
The ratio of N + N : silicic acid drawdown was nearly 1 : 1 in
all three of the experiments Table S6), in line with nutrientreplete diatom growth (Hutchins and Bruland 1998). Uptake of
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Fig. 3. SEM images of mixed assemblages from M2 (left panel) and M3 (right panel) experiments on days 0 (a-b), 7 (c-d), 20 (e-f), and 124 (g-h) in
the dark. Size is indicated by white scale bars on the bottom right for each image.
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Fig. 4. Concentrations of dissolved (< 0.2 μm or 0.4 μm) SRP (“phosphate”, μmol L−1, a,b), silicic acid (μmol L−1, c,d), ammonium (μmol L−1, e,f),

nitrite (μmol L−1, g,h), and nitrate+nitrite (“N + N”, μmol L−1, i,j). Note the different y-axes used in some ﬁgures. For the mixed assemblage experiments
(left panel), M1 data are plotted on the left axes, M2 and M3 on the right axes. For the monoculture experiments (right panel), Pseudo-nitzschia dolorosa
(P1) data are plotted on the left axes, and Karenia brevis (K1) data on the right axes. Vertical dashed lines represent initiation of the dark experiments
(day 0), with grow-out data assigned negative day values; no grow-out data are available from P1 and K1. Error bars represent the standard deviation of
analytical replicates (n > 2) or difference from the mean (n = 2); error bars not visible are smaller than data symbols. Values below the LODs for phosphate
(< 0.1 μmol L−1), silicic acid (< 2.2 μmol L−1), ammonium (< 0.7 μmol L−1), nitrite (< 0.1 μmol L−1), or N + N (< 1.6 μmol L−1) are plotted as zero concentrations. The apparent absence of N + N in plot j, despite the detection of nitrite, can be attributed to the lower LOD for nitrite.

N + N : phosphate (N + N : P) was more variable: lowest in M2
(10.89) and M1 (12.33), and nearly twice as high in M3 (21.62)
(Table S6). Phytoplankton can deviate widely from Redﬁeld
ratios as a result of factors including community taxa, nutrient
availability, and growth rate (Geider and La Roche 2002). The
lower-than-Redﬁeld N : P drawdown observed in M1 and M2 is

consistent with diatom quotas, while the higher N : P in
M3 may suggest the additional presence of green algae
(Ho et al. 2003) or cyanobacteria (Bertilsson et al. 2003), and
ﬂow cytometry identiﬁed more cyanobacteria on day 7 of the
regeneration in M3 than in M2 (Fig. 5c). Nutrient limitation
can also alter N : P ratios (Geider and La Roche 2002), and the
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Fig. 5. Flow cytometry enumeration of heterotrophic (a,b) and autotrophic (cyanobacteria, c,d) prokaryotes. For the mixed assemblage experiments
(left panel), M2 and M3 are plotted on the right axes; no prokaryote data were collected from M1. For the monoculture experiments (right panel),
Pseudo-nitzschia dolorosa (P1) data are plotted on the left axes, and Karenia brevis (K1) data on the right axes. Vertical dashed lines represent initiation of
the dark experiments (day 0), with the grow-out data assigned negative day values; no grow-out data are available from P1 and K1. Error bars represent
the standard deviation of analytical replicates (n = 3) or difference from the mean (n = 2); error bars not visible are smaller than data symbols. Values
below the LOD of 5000 cells mL−1 are plotted as zero concentrations.

higher N : P drawdown in M3 may have also been a result of
the higher N + N relative to phosphate in this experiment
(Table S6).
Of the trace metals, Cd, Mn, Fe, and Zn showed the most pronounced drawdown (Figs. 6–8). Cadmium to phosphate (Cd : P)
drawdown in all three experiments was an order of magnitude
lower (0.03 nmol μmol−1) than previous diatom incubation
experiments conducted in the California Current (Mellett et al.
2018) and the Southern Ocean (Cullen et al. 2003) (Table 2). In
contrast, the percent of initial Cd drawdown in the mixed assemblages (68–87%) (Table 3) was actually higher than in either Mellett et al. (2018; 45.4–55.8%) or Cullen et al. (2003; 11.8–67.6%
for +0 to +2.5 Fe-added conditions). Thus, the low Cd : P assimilation ratios in our experiments likely reﬂect the low Cd concentrations (0.04–0.08 nmol L−1; Table S5) and relatively high Mn,
Fe, and Zn concentrations (Table S5) in the initial GoM seawater,
as phytoplankton quotas for trace metals are often heavily
inﬂuenced by both seawater concentrations (Twining and Baines
2013) and the relative bioavailability of trace metals competing
with Cd for cell surface uptake sites (Price and Morel 1990; Lee
and Morel 1995).
Manganese-to-phosphate (Mn : P) and Fe : P drawdowns were
higher in our experiments than in previous studies (Cullen et al.
2003; Mellett et al. 2018), also consistent with higher concentrations of these elements in our initial seawater for uptake by phytoplankton (Table S5), as well as particle scavenging and wall

loss (Fischer et al. 2007; Fitzsimmons and Boyle 2012; Mellett
et al. 2018). Zinc-to-phosphate (Zn : P) drawdown varied more
widely across the different experiments, but fell within the
observed range of phytoplankton cell quotas across ocean
basins (Table 2) (Twining and Baines 2013). On the other hand,
cellular quotas of Co, Cu, and Ni may not be as strongly
inﬂuenced by seawater concentrations (Twining and Baines
2013). Indeed, the drawdown of Co, Cu, and Ni relative to P
(metal : P) was greater in M1 than in the other carboys (Table 2),
even though the initial concentrations of these elements were
comparable or slightly lower in M1 than M2 and M3 (Table S5).
Although these elements did not approach depletion in any of
the experiments, the greater drawdown of Co and Ni in M1 also
held true when expressed as percent of initial concentrations
(Table 3). Therefore, the nutrient-type drawdown of these elements in M1 alone (Fig. 6a,c,e) may indicate differences in trace
metal requirements among phytoplankton assemblages or in
competitive interactions among trace metals. The concentrations of Cd and Zn (along with most of the metals measured)
were much lower in the experimental seawater used for M1
compared to M2 and M3 (Table S5), but the percent of initial
concentrations drawn down in M1 was much higher (for Zn) or
comparable (for Cd) (Table 3). The enhanced drawdown of Co
in M1 relative to M2 and M3 may, thus, also reﬂect Co substitution for Cd and/or Zn in this experiment (Price and Morel 1990;
Sunda and Huntsman 1995).
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Fig. 6. Concentrations of dissolved (< 0.2 or 0.4 μm) copper (Cu, nmol L−1, a,b), cobalt (Co, pmol L−1, c,d), and nickel (Ni, nmol L−1, e,f). Note the difference in left and right y-axes for (d). For the mixed assemblage experiments (left panel), M1 data are plotted on the left axes, M2 and M3 on the right
axes. No POC or PON data were collected for M1. For the monoculture experiments (right panel), Pseudo-nitzschia dolorosa (P1) data are plotted on the
left axes, and Karenia brevis (K1) data on the right axes. Vertical dashed lines represent initiation of the dark experiments (day 0), with the grow-out data
assigned negative day values; no grow-out data are available from P1 and K1. Error bars represent the standard deviation of analytical replicates (n > 2)
or difference from the mean (n = 2); error bars not visible are smaller than data symbols. Values below the LODs (see Table 1) are plotted as zero
concentrations.

Fig. 7. Concentrations of dissolved (< 0.2 or 0.4 μm) cadmium (Cd, pmol L−1, a,b) and zinc (Zn, nmol L−1, c,d). Note the difference in left and right
y-axes for b. For the mixed assemblage experiments (left panel), M1 data are plotted on the left axes, M2 and M3 on the right axes. For the monoculture
experiments (right panel), Pseudo-nitzschia dolorosa (P1) data are plotted on the left axes, and Karenia brevis (K1) data on the right axes. Vertical dashed
lines represent initiation of the dark experiments (day 0), with grow-out data assigned negative day values; no grow-out data are available from P1 and
K1. Error bars represent the standard deviation of analytical replicates (n > 2) or difference from the mean (n = 2); error bars not visible are smaller than
data symbols. Values below the LODs (see Table 1) are plotted as zero concentrations.
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Fig. 8. Concentrations of dissolved (< 0.2 or 0.4 μm) manganese (Mn, nmol L−1, a,b), iron (Fe, nmol L−1, c,d), iron-57 (57Fe, nmol L−1, e), and lead

(Pb, pmol L−1, f,g). For the mixed assemblage experiments (left panel), M1 data are plotted on the left axes, M2 and M3 on the right axes. For the
monoculture experiments (right panel), Pseudo-nitzschia dolorosa (P1) data are plotted on the left axes, and Karenia brevis (K1) data on the right axes.
The tracer 57Fe was only used for the M2 and M3 experiments. Vertical dashed lines represent initiation of the dark experiments (day 0), with the growout data assigned negative day values; no grow-out data are available from P1 and K1. Error bars represent the standard deviation of analytical replicates
(n > 2) or difference from the mean (n = 2); error bars not visible are smaller than data symbols. Values below the LODs (see Table 1) are plotted as zero
concentrations.

By performing a grow-out for mixed assemblages M1, M2,
and M3, it was possible to observe the amount of macronutrients and trace metals taken up during phytoplankton growth,
and, therefore, to anticipate the amount expected to be
regenerated subsequently from the decaying cells. For the P1
and K1 experiments, however, all growth happened in monocultures at FWRI (see “Methods” section). Concentrated cells
(P1) or culture medium (K1) were added directly to ﬁltered
LNSW from the GoM (see “Methods” section). The LNSW
used for the P1 and K1 matrix was collected from  270 km
offshore, and was, with the exception of Zn in M1, lower in
all trace metals than observed for M1, M2, and M3 following
the grow-out (Table S5). The addition of the cultures for K1
and P1 to this LNSW resulted in much higher Zn concentrations than the mixed assemblage experiments (Fig. 7c,d;
Table S5), likely reﬂecting the high Zn conditions of the cultures and perhaps also contamination during the cell culturing

and concentration process. Similarly, the high initial Fe in P1
may be attributed to Fe adsorption to the cells during culturing, even though cells were rinsed (Fig. 8d; Table S5).
Phytoplankton decline and macronutrient regeneration
Phytoplankton biomass as described by Chl a declined to
< 1 μg L−1 for M2, M3, P1, and K1 by days 20–22 in the dark
(Fig. 2a,b; Table S3). In M1, Chl a did not reach < 1 μg L−1 until
after 54 d in the dark (Fig. 2a; Table S3), indicating not only continued initial growth in the dark but also slower cell death in this
experiment. The dark conditions of all experiments were veriﬁed
with HOBO data loggers. However, the light conditions used to
grow M1 were distinct from the subsequent experiments, with a
light intensity roughly 10% of the levels used for M2 and M3
(see “Methods” section), which may have inadvertently selected
for phytoplankton adapted for lower light conditions. Zooplankton abundance, community composition and the resulting
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4.07
1.72 (R2 = 0.19)
4.39
−2.79 (R2 = 0.71)
4.40
−2.02 (R2 = 0.74)
−24.45 (R2 = 0.77)
−61.95 (R2 = 0.81)
2.39–2.41

M1, grow-out
M1, regeneration
M2, grow-out
M2, regeneration
M3, grow-out
M3, regeneration
P1, regeneration
K1, regeneration
Mellett et al.
(2018) (3.5 d
grow-out)†
Cullen et al. (2003)
(10.7 d grow-out)‡
Twining and Baines
(2013)
(phytoplankton ratios)§
4.6-5.2

ND

2.00
4.83 (R2 = 0.61)
2.59
−0.14 (R2 = 0.02)
3.97
0.66 (R2 = 0.51)
−34.30 (R2 = 0.75)
2.43 (R2 = 0.63)
0.19-0.70

Fe : P
ND
ND

Fe : P

ND

ND

0.83
−0.10 (R2 = 0.24)
1.00
0.13 (R2 = 0.63)
ND
ND
ND

57

Co : P

0.07–0.19

0.02–0.29

0.09
0.07 (R2 = 0.83)
0.01
0.00 (R2 = 0.16)
0.01
0.01 (R2 = 0.81)
−0.03 (R2 = 0.24)
−0.18 (R2 = 0.27)
0.021–0.062

Ni : P

0.21–1.4

ND

0.48
0.72 (R2 = 0.56)
0.15
0.01 (R2 = 0.00)
0.06
0.04 (R2 = 0.20)
−0.73 (R2 = 0.36)
0.42 (R2 = 0.32)
1.72–1.84

Cu : P

0.18–1.44

0.45–0.61

0.38
0.02 (R2 = 0.00)
0.20
0.01 (R2 = 0.00)
0.27
0.19 (R2 = 0.46)
3.26 (R2 = 0.78)
−1.85 (R2 = 0.35)
−0.24-0.12

Zn : P*

0.84–13.3

2.14–3.96

1.25
2.63 (R2 = 0.39)
0.88
3.37 (R2 = 0.42)
0.26
1.45 (R2 = 0.27)
65.74 (R2 = 0.74)
61.11 (R2 = 0.82)
ND

Cd : P

0.07–1.29

0.36–0.62

0.03
0.03 (R2 = 0.93)
0.03
0.02 (R2 = 0.72)
0.03
0.02 (R2 = 0.86)
0.14 (R2 = 0.75)
1.03 (R2 = 0.94)
0.36–0.47

Pb : P

ND

ND

0.01
0.03 (R2 = 0.25)
0.00
−0.01 (R2 = 0.62)
0.01
0.00 (R2 = 0.54)
−0.14 (R2 = 0.58)
0.05 (R2 = 0.06)
0.013–0.023

*Day 1 Zn data for M1 excluded due to likely contamination.
†
Mellett et al. (2018) Fe : P reported for 2.2 d instead of 3.5 d.
‡
Cullen et al. (2003) results selected for the +0 to +2.5 nM Fe incubations.
§
Twining and Baines (2013) results selected from bulk particle studies from the Southern Ocean (Collier and Edmond 1984; Cullen et al. 2003), Equatorial Paciﬁc Ocean (Twining et al.
2011), North Atlantic Ocean (Kuss and Kremling 1999), and Monterey Bay (Martin and Knauer 1973), and excluding those conducted with zooplankton or Trichodesmium, which were
not observed in our incubations.

0.33–1.7

0.53–0.70

Mn : P

Experiment

Table 2. Dissolved metal-to-SRP (“phosphate”) ratios (M : P, nmol μmol−1) for manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), and lead (Pb) from incubations of mixed assemblages (M1, M2, M3) and monocultures of Pseudo-nitzschia dolorosa (P1), and Karenia brevis (K1). The
M : P ratios were calculated from the slope of the dissolved metal concentrations plotted against dissolved phosphate concentrations for both grow-out and
regeneration components of the experiments. For M1, the start of the regeneration and end of the grow-out were calculated using day 1 instead of day 0, and
M : P ratios for the grow-out were calculated from the slope of the dissolved metal versus phosphate for days −13, 0, and 1. For M2 and M3, the M:P ratios in the
grow-out were calculated based on only two data points (days −14 and 0). No grow-out data was available for P1 and K1. Values below LOD were interpreted as
zero concentrations. R-squared values were obtained for the regeneration M : P results using a linear ﬁt of the time series. We also report M : P from prior incubation experiments based on uptake (Mellett et al., 2018) and phytoplankton biomass (Cullen et al., 2003), as well as ratios in bulk phytoplankton ratios (Twining
and Baines, 2013).

Hollister et al.
Regeneration of trace metals

Hollister et al.

Regeneration of trace metals

Table 3. Drawdown of manganese (Mn), iron (Fe), iron-57 (57Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), lead
(Pb), SRP, silicic acid (Si(OH4)), and nitrate + nitrite (“N + N”) during the grow-out incubations of mixed assemblages (M1, M2, M3)
expressed as percent of initial concentrations. Percents of initial drawdown were calculated by subtracting the ﬁnal grow-out concentrations from the initial (day −14; pregrow-out) concentrations, dividing by initial concentrations, and multiplying by 100. For M1, the
ﬁnal grow-out time point was day 1, except for Zn due to suspected contamination on that day. For M1 Zn, M2, and M3, the ﬁnal
grow-out time point was day 0. Values below LOD were interpreted as zero; for values < LOD at the end of the grow-out, drawdown
was stated as 100%.
Experiment

Mn

Fe

57

Co

Ni

Cu

Zn

Cd

M1

70.9

73.3

ND

52.8

20.7

17.6

57.8

M2

52.1

63.8

68.1

8.3

9.1

12.6

34.7

M3

65.7

81.7

84.4

9.2

4.8

21.0

27.0

Fe

grazing pressure on phytoplankton can also exhibit both spatial
and temporal variability on the West Florida Shelf (Lester et al.
2008). Thus, assemblages of heterotrophic bacteria and
microzooplankton may have differed between M1 and M2
or M3.
All experiments showed a maximum abundance in prokaryotes within the ﬁrst 7 d of regeneration (Fig. 5a,b; Table S7). Initial (pregrow-out) cell concentrations for M2 and M3 were
similar (105 and 104 cells mL−1 for the heterotrophic and the
autotrophic fractions, respectively), but by day 7, heterotroph
abundance from M2 was nearly twice as high as M3, while autotrophs were nearly 10 times greater in M3 than in M2. Based on
the time series of Chl a, microbial abundance may have at least
partly contributed to the observed differences in phytoplankton
biomass between M2 and M3 (Fig. 2a). For the duration of the
experiment, heterotrophic prokaryotes gradually declined to
roughly pregrow-out concentrations but remained slightly
higher in M3 than M2 after day 7 (Fig. 5a). Cyanobacteria were
also detected in both M2 and M3 with a maximum measured in
the pregrow-out sample for M2 and on day 7 in M3 (Fig. 5c).
Concentrations decreased thereafter to below the LOD after day
40, coincident with undetectable Chl a concentrations (Fig. 2a).
In P1 and K1, an initial increase in heterotrophic prokaryotes
from day 0 was observed, reaching maxima on days 4 and 7,
respectively (Fig. 5b). In K1, heterotrophs reached 106 cells mL−1,
exceeding P1, M2, and M3, before rapidly declining as Chl a concentrations decreased (Fig. 2b). As in the mixed assemblages, P1
and K1 ultimately returned to roughly initial levels of cell abundance by the end of the experiments. No detectable cyanobacteria
were present in either of the P1 or K1 experiments (Fig. 5d).
POC concentrations were low throughout the K1 experiment,
but correlated with Chl a trends in the M2, M3, and P1 experiments, decreasing rapidly within the ﬁrst 20 d (Fig. 2c,d). PON
also followed initial Chl a trends in M2 and M3, but declined to
below the LOQ within 7 d (Fig. 2e; Table S3). The concentrations
of PON were below the LOQ for the entirety of the K1 and P1
experiments (Fig. 2f; Table S3). SEM samples collected from the
M2 and M3 experiments showed that diatoms dominated the
phytoplankton at the start of the regeneration (Fig. 3). Some degradation of diatoms was apparent in the ﬁxed samples from day

Pb

SRP

Si(OH)4

N+N

83.0

5.2

41.2

60.7

39.4

68.4

13.0

71.5

53.5

87.2

49.1

100

91.9

52.8
100

0 (Fig. 3a,b), which may have been due to cell physiology or to cell
deformation artifacts related to the archival of samples for several
months prior to analysis (Menden-Deuer et al. 2001). Cell disruption and subsequent selectivity of some phytoplankton taxa over
others may have also occurred due to damage during sampling
with the diaphragm pump, though this was not tested. Thus, the
preserved samples and subsequent preparations for SEM were
likely biased toward morphologies more resistant to dissolution,
and may not be fully representative of all species.
While the assemblages in M2 and M3 displayed some differences in phytoplankton composition, commonalities over time
were also apparent. Both experiments were dominated by diatoms
from days 0–20, and also contained diatom spores (Fig. 3a–f).
Overall, diatoms from M3 were better preserved than those in M2,
based on microscopic examination. This may reﬂect differences in
species composition, the higher overall biomass in M3, or earlier
decay of cells in M2; few intact diatoms were observed by day
20 in M2 when Chl a reached values of < 1 μg L−1 (Fig. 3e). In contrast, heavily siliciﬁed diatoms such as Odontella were preserved
through day 124 in M3 (Fig. 3h). Nevertheless, samples from both
experiments were composed mostly of fragmented diatom frustules on day 124 (Fig. 3g,h), consistent with observed increases in
silicic acid (Fig. 4c). In addition to diatoms, placoliths from the
coccolithophore Gephyrocapsa cf. oceanica were also observed on
day 124 in both the M2 and M3 carboys (Fig. 3g,h). This ﬁrst observation of coccolithophores on day 124 may be a result of unrepresentative sampling or overshadowing by higher abundances of
diatoms in previous samples, although mixotrophy has also been
suggested in some coccolithophores (Poulton et al. 2017). The
preservation of placoliths and mildly alkaline environment
(pH = 7.9–8.4; Table S1) indicates conditions amenable to calcite
preservation. In M2, small (1–2 μm) oval-shaped particles were
also observed, and an X-ray spectrum (data not shown) identiﬁed
the presence of calcium (Ca), but we could not classify these as
coccolithophores or any other organism.
The dissolution of diatom frustules was apparent in the
observed silicic acid concentrations, which was tightly coupled
with phosphate; most of the silicic acid and phosphate (> 85%)
was regenerated from the cells within the ﬁrst 68 d (Fig. 4a–d;
Table S4). Dissolution rates of diatom frustules are known to be
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inﬂuenced by a variety of biological and physical factors (Bidle
and Azam 1999; Rickert et al. 2002; Van Cappellen et al. 2002;
Schultes et al. 2010; Boutorh et al. 2016). More than half of this
dissolution occurs in the upper ocean (Nelson et al. 1995),
where temperatures and pH are elevated (Lewin 1961; Hurd
1972). The coupling of silicic acid and phosphate observed in
our regeneration experiments may therefore reﬂect regeneration from decaying diatoms in the more surface ocean temperature and pH conditions of our experiments.
Nitrate and phosphate regeneration were not coupled in
the experiments; nitrogen was initially regenerated primarily
in the form of ammonium (Fig. 4e,f; Table S4), which then
must be nitriﬁed to nitrite and eventually nitrate. Nitrite
became elevated toward the end of M3 (Fig. 4g; Table S4), and
only in M2 and M3 was N + N fully regenerated by the end of
the experiment (Fig. 4i; Table S4), though roughly half of the
N + N was nitrite in M3 (Fig. 4g). In both M2 and M3, N + N
at the end of the experiments slightly surpassed pregrow-out
levels (Fig. 4i; Table S4), as was also observed for phosphate
and silicic acid, presumably resulting from regeneration of
organic particles collected in the initial seawater in addition to
those generated in the grow-out (Fig. 2c; Table S3). In M1,
regeneration was delayed and relatively slow; residual N + N
concentrations from the grow-out remained steady following

day 3, and ammonium concentrations continued to increase
through the rest of the experiment (Fig. 4e). Oxygen levels in
all experiments tested (M2, M3, P1, and K1) remained ≥97%,
and the persistence of ammonium without complete nitriﬁcation in P1 and K1 was supported by much lower proportions
of the 16S rRNA gene sequences belonging to known nitriﬁers
in these experiments compared to M2 and M3 (Fig. 9).
Although the timing and extent of nitriﬁcation varied among
the experiments, such variability is in line with previous
regeneration experiments (Von Brand et al. 1937, 1939, 1942;
Von Brand and Rakestraw 1941; Grill 1964; Garber 1984).
Regeneration of trace metals
Of the suite of trace metals measured, Cd exhibited the most
classic nutrient-type behavior, remaining tightly coupled with
phosphate and silicic acid in all of the experiments (Figs. 4a–d,
7a,b). Following the uptake of Cd in the grow-out, dissolved Cd
was almost fully regenerated by days 50–68 in all experiments
except M1 (Fig. 7a,b). In M1, which showed delayed regeneration
of all elements, Cd returned to pregrow-out concentrations
around day 148 (Fig. 7a). Like Cd, dissolved Zn increased
throughout the regeneration experiments (Fig. 7c,d), consistent
with the microbially mediated regeneration of both elements
observed in a previous diatom regeneration experiment (Lee and

Fig. 9. Proportion of the 16S rRNA gene sequences assigned to genus level that belong to nitrite-oxidizing bacteria, ammonia-oxidizing bacteria, and
ammonia-oxidizing archaea in single replicate samples collected from the monocultures of Pseudo-nitzschia dolorosa (P1) and Karenia brevis (K1), and from
the mixed assemblages (M2, M3) experiments. Samples are labeled as follows: Experimental carboy (P1, K1, M2, M3) _ time (days) _ size fraction (large
or small, where large is > 3 μm and small is 0.2–3 μm); the time-series of samples from the small size fraction of each experiment are provided ﬁrst,
followed by the large size fraction. The “P1K1_matrix” sample is from the ﬁltered seawater used as the matrix for P1 and K1. Day 0 represents initiation
of the dark regeneration; only P1_d0 samples had replicates, which are noted “a” and “b”. The methods and complete results from the 16S rRNA gene
analyses are provided in Supplementary Information Appendix S1.
1950

Hollister et al.

Regeneration of trace metals

Fisher 1992). However, in all the mixed assemblages, Zn exceeded
preincubation levels within the ﬁrst 1–7 d of regeneration
(Fig. 7c; Table S5). Although preincubation concentrations of
N + N, phosphate, and silicic acid were also slightly surpassed
by the end of the regeneration experiments in M2 and M3
(Fig. 4a,c,i; Table S4), the Zn to phosphate (Zn : P) regenerated
was much higher than the Zn : P drawn down (Table 2). This suggests that POC measured in initial seawater (Fig. 2c), in addition
to lithogenic particles that we did not measure, may have contributed to the regeneration of Zn and other trace metals in the
mixed assemblage experiments. However, we also acknowledge
that Zn contamination from repeat carboy sampling may have
contributed to the unexpectedly high Zn regeneration signal
despite having followed stringent trace metal clean protocols.
Dissolved Mn in our experiments was initially regenerated
in M1, M3, and P1, with a maximum on days 3–20 before
Mn was then drawn down to near baseline levels
(< 1 nmol L−1) by days 20–64 (Fig. 8a,b). The Mn : P increase
during this initial regeneration period (days 1–6) for M1
(4 nmol μmol−1) was higher than reported for bulk phytoplankton ratios (Twining and Baines 2013), but matched
Mn : P drawdown; for M3 and P1, phosphate levels remained
< LOD over this same period, so the increase in Mn : P could
not be calculated. In M2 and K1, Mn drawdown was rapid,
and no regeneration was distinguishable (Fig. 8a,b). The
drawdown of Mn in the dark in all experiments suggests the
activity of Mn-oxidizing bacteria, which are otherwise photoinhibited (Sunda and Huntsman 1988). While 16S rRNA gene
sequences belonging to genera containing members known
to oxidize Mn were detected in these experiments (Tables S8,
S9), this metabolic trait cannot be reliably predicted simply
from phylogenetic afﬁliation (Mayhew et al. 2008; Sujith and
Bharathi 2011). Similar Mn drawdown was observed in a previous sediment regeneration experiment (Cheize et al. 2019)
and in a dark seawater incubation experiment (Mellett et al.
2018). If biologically catalyzed, the Mn-oxides that formed
during the regeneration experiments would be primarily in
the Mn(IV) redox state and δ-MnO2-type, with a high surface
area and high capacity to adsorb other metals (Villalobos
et al. 2003; Tebo et al. 2004). Abiotic Mn oxidation, which
may require months to form a stable end product (Murray
et al. 1985), may also have become important toward the
end of the experiments.
In all experiments, dissolved Fe deviated from the nutrientlike behavior of Cd, phosphate, and silicic acid. In M1–M3, Fe
remained low initially as Mn was drawn down (Fig. 8a,c,e),
which may reﬂect scavenging of regenerated Fe to newly
formed Mn-oxides (Tebo et al. 2004). Once Mn was depleted,
dissolved Fe concentrations ﬁnally began increasing on day
68 for M3, day 116 for M1, and day 156 for M2. Similar
behavior of Fe was observed in K1, with initially low Fe concentrations increasing later in the experiment, though the
concentrations of Fe were much lower in K1 compared to the
other experiments (Fig. 8d). In P1, on the other hand, no

evidence for Fe regeneration was observed (Fig. 8d). Only in
M1, which was not bubbled with air and may have had lower
pH and DO than the other experiments, were pregrow-out Fe
concentrations surpassed by the end of the experiment
(Fig. 8c). Thus, with the exception of M1, the amount of Fe
regenerated in our experiments fell far short of what was
expected from the initial concentrations (Fig. 8c,e). The stable
isotope 57Fe, which was added as a tracer of the Fe additions
to M2 and M3, made up roughly half of the dissolved Fe in
these experiments and also showed delayed regeneration and
incomplete return to pregrow-out levels (Fig. 8e). The regeneration of Fe and Mn in our mixed assemblage experiments bore
striking resemblance to a recent incubation study of biogenic
siliceous sediments collected in the Southern Ocean, which
measured regeneration occurring in the benthic nepheloid
layer (Cheize et al. 2019). In that experiment, Fe also
remained low while Mn concentrations declined, followed by
the onset of Fe regeneration once Mn concentrations stabilized after roughly 30 d.
Scavenging of Fe to decaying phytoplankton and other
organic particles likely occurred to some degree in all of
our experiments. As the POC and PON gradually decreased
(Fig. 2c–e), dissolved Fe and other scavenged metals would be
expected to increase (Barbeau et al. 2001), accompanied by the
release of Fe-binding ligands (Sato et al. 2007; Bressac et al. 2019),
including siderophores (Gledhill et al. 2004). Notably, Fe and Mn
can both bind strongly to siderophores, leading to possible competitive binding and coupled biogeochemical pathways
(Duckworth et al. 2009). Although a full examination of these
pathways is beyond the scope of this experiment, the apparent
coupling of Mn and Fe in our experiments and those of Cheize
et al. (2019) is intriguing and deserves further study.
Lead (Pb) concentrations in all of the experiments appeared
dominated by scavenging: dissolved Pb declined during the
grow-out, was brieﬂy regenerated in the dark, then decreased
again as Mn was drawn down (Fig. 8a,b,f,g). For M1 and K1,
dissolved Pb remained low or even increased slightly from day
0 to day 85 (Fig. 8f,g). On day 116 of M1, Pb spiked to pregrowout levels, an increase also seen in Fe on this day (Fig. 8c), possibly indicating contamination or other sampling error. The
decrease in dissolved Pb during the grow-out for this study
(Fig. 8f) and a previous incubation study (Mellett et al. 2018)
may reﬂect scavenging of Pb to phytoplankton cells (Fisher
et al. 1983, 1987). The subsequent increase of Pb in M1 and K1
is consistent with the release of this Pb as the cells decayed. In
M2, M3, and P1, no return of Pb was apparent, and continued
scavenging to POC and other particles likely dominated the
duration of the experiments. In K1, M2, and M3, Cu regeneration was delayed and tracked well with Fe, indicating similar
scavenging and regeneration processes for both elements in
these experiments (Fig. 6a,b). In P1, Cu resembled both Fe and
Pb: all three elements decreased throughout the duration of P1,
consistent with a dominant scavenging inﬂuence (Fig. 6b). In
M1, very little change in Cu was observed over the course of
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the experiment, similar to prior incubation experiments that
showed little change in Cu during phytoplankton growth
(Buck et al. 2010; Mellett et al. 2018).
No coupling of dissolved Co and Mn was observed in any
of the experiments (Figs. 6c,d and 8a,b), even though Co may
be expected to be coupled to Mn as a result of scavenging to
Mn-oxides (Balistrieri and Murray 1986) or bacterial oxidation
along a similar pathway (Lee and Fisher 1993; Moffett and Ho
1996). However, despite the suspected presence of Mn-oxide
formation in all experiments, Co was relatively conservative.
This largely conservative behavior was also consistent with a
previous incubation experiment (Mellett et al. 2018). In contrast, Co displayed nutrient-type behavior in M1, reaching a
minimum that closely corresponded to the macronutrient
minima and Chl a maximum, followed by rapid regeneration
by day 6 (Fig. 6c). As discussed in the grow-out results above,
the uptake and subsequent regeneration of Co in only M1 suggests differences in the biological community, reﬂecting an
obligate Co requirement by some phytoplankton (Saito et al.
2002), or metal substitution in the diatoms that grew in the
M1 grow-out (Sunda and Huntsman 1995), where the starting
seawater was lower in both Zn and Cd (Table S5) than the
waters used for M2 and M3.
Like Co, Ni only demonstrated evidence of nutrient-type
uptake and regeneration in the M1 experiment (Fig. 6e).
Nickel (Ni) is an important nutrient for phytoplankton that
may also be scavenged to Mn-oxides (Tani et al. 2004). Manganese and Ni were coupled in a previous dark incubation
experiment, which was attributed to scavenging or use in Mnsuperoxide dismutases (Mellett et al. 2018). Thus, the
suspected presence of Mn-oxides in our experiments was
expected to inﬂuence Ni. In M1, Ni showed evidence for this
and followed a similar trend to Fe (Figs. 6e, 8c), with an initial
uptake during growth, brief regeneration, subsequent decline
with Mn, and eventual regeneration when Mn stabilized
(Fig. 8a). In K1, P1, M2, and M3, the changes in Ni were small
relative to the overall inventory (Fig. 6e,f), though some delayed regeneration, similar to Fe and Cu, was observed in M2
and M3 (Fig. 6e). The delayed regeneration signals in Fe, Ni,
and, for M2 and M3, Cu, suggest a combination of nutrient
and scavenging inﬂuences.
Relating experimental results to depth proﬁles
The structure of depth proﬁles of trace metal distributions in
the oceanic water column is commonly classiﬁed as conservative
type, nutrient type (e.g., Ni, Zn, Cd), scavenged type (e.g., Pb), or
as a hybrid of these (e.g., Mn, Fe, Co, Cu) (Bruland and Lohan
2003). A goal of this experiment was to compare trace metal
regeneration trends over time to distributions at depth, relative to
phosphate and other macronutrients. Although these experiments were an imperfect representation of the water column,
phosphate and Cd remained closely coupled and followed
remarkably similar trends to observed depth proﬁles (Bruland
et al. 1978; Wu and Roshan 2015; Middag et al. 2018). Both

elements ultimately returned to pregrow-out concentrations in
the mixed assemblages, indicating complete regeneration
(Figs. 4a, 7a), and while regenerated Cd : P (0.02–0.03 nmol : μmol,
Table 2) remained lower than commonly observed water column
ratios (e.g., 0.18–0.28 μmol nmol−1 in the North Atlantic)
(de Baar et al. 1994), they were consistent with the relatively low
initial [Cd] (Table S5) and Cd : P uptake observed during the
grow-outs (Table 2).
Zinc (Zn) also approximated the nutrient-type proﬁle
observed in water columns (Fig. 7c,d) (Bruland 1980; Middag
et al. 2019), although it was less tightly coupled to phosphate
(Fig. 10b) or any of the other macronutrients (Fig. 4). Typically, Zn correlates more strongly with silicic acid than with
phosphate in the global ocean (Bruland 1980), even though
Zn is abundant in the interior of the cells (Twining and Baines
2013) and isotopic studies indicate that Zn is not regenerated
from opal itself (Zhao et al. 2014). Our regeneration experiments differed from observed water column proﬁles in that
phosphate regeneration remained closely coupled with silicic
acid (except in K1, which did not contain diatoms) and to a
lesser extent with Zn (Figs. 4a–d, 7c,d). The lack of decoupling
of phosphate from Zn or silicic acid in our experiments is
additional evidence that the deeper maximum of silicic acid
and Zn relative to phosphate observed in ocean water columns does not simply reﬂect differences in regeneration rates.
Manganese (Mn) and Pb followed a more classic scavengedtype proﬁle, with concentrations generally decreasing over
time, remaining low (Fig. 8a,b,f,g), and displaying a negative
correlation with phosphate (Table 2; Fig. 10c,e). The decrease
in dissolved Mn across all experiments after an initial regeneration (Fig. 8a,b) was consistent with the observed drawdown
in water columns at depth, mediated largely by Mn-oxidizing
bacteria (Sunda and Huntsman 1987, 1990; Tebo et al. 2004).
Lead (Pb), which is dominated by scavenging that results in a
decrease with depth in the oceans (Boyle et al. 2014), also
decreased through most of the experiments (Fig. 8f,g), consistent with scavenging to Mn-oxides or to phytodetritus and
other POC that persisted through the experiments (Fig. 2c,d).
Iron (Fe), and sometimes Cu, exhibited delayed regeneration
that did not resemble either a purely nutrient-type or
scavenged-type proﬁle (Figs. 6a,b, 8c–e) and were variable with
respect to phosphate (Table 2; Fig. 10d,h), consistent with their
often hybrid water column behavior (Bruland and Lohan 2003).
Our Fe results support the observation of a deeper ferricline
compared to the nitracline (Boyd et al. 2017; Tagliabue et al.
2017), as Fe was consistently regenerated only after Mn was
depleted, which may reﬂect scavenging to Mn-oxides. The
timing of the delayed Fe regeneration in our experiments was
notably similar to that observed during the remineralization of
biogenic silica sediments (Cheize et al. 2019), suggesting parallels in Fe and Mn regeneration from diatoms between the water
column and sediments. In general, Cu, Ni, and Co displayed the
most conservative proﬁles (Fig. 6a–f), although Co displayed
some evidence of nutrient-type behavior in M1. Despite
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Fig. 10. Concentrations of dissolved (< 0.2 or 0.4 μm) trace metals (nmol L−1) cadmium (Cd, a), zinc (Zn, b), manganese (Mn, c), iron (Fe, d), lead
(Pb, e), cobalt (Co, f), nickel (Ni, g), and copper (Cu, h) plotted against SRP (“phosphate”, μmol L−1) for mixed assemblages (M1, M2, M3) and monocultures of Pseudo-nitzschia dolorosa (P1) and Karenia brevis (K1). Mixed assemblages are plotted on the bottom and left axes, and monocultures are plotted on the top and right axes. The initial seawater concentrations for each experiment are noted by a cross through the symbols. Samples below the
LOD for trace metals (see Table 1) or phosphate (< 0.1 μmol L−1) are plotted as zero concentrations.

previously observed Mn–Co coupling (Tebo et al. 1984; Lee and
Fisher 1993; Moffett and Ho 1996), such coupling was not
apparent in these regeneration experiments, which were more
in line with a prior phytoplankton incubation experiment
(Mellett et al. 2018).
We acknowledge that these laboratory experiments differed
from conditions in the water column in several important
ways. For example, grazers play a large role in both the export
and regeneration of trace metals and macronutrients in the
ocean (Hutchins and Bruland 1994; Lee and Fisher 1994;
Barbeau et al. 2001; Schultes et al. 2010), and our experimental seawater necessarily provided only a limited representation
of the heterotrophic community. No large grazers were visually observed swimming in the carboys, although they were

not excluded during the experimental setup, and
microzooplankton were likely present in varying degrees. Heterotrophic prokaryotes were clearly important drivers of the
observed regeneration of trace metals and macronutrients
from phytoplankton and were observed through the duration
of all experiments measured (Fig. 5a,b). Heterotrophic bacteria
can contribute large portions of the biogenic particulate Fe
and Cu pools, though the heterotrophic contribution to Fe
uptake is expected to decrease in subtropical regions like the
GoM where Trichodesmium is abundant (Tortell et al. 1996,
1999; Posacka et al. 2018). Nevertheless, a bacterial pool of
particulate (> 0.2 μm) Fe and Cu may have at least partially
contributed to the delayed or incomplete recovery of these
metals (Figs 6a,b, 8c–e).
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In addition to regeneration, depth proﬁles are also strongly
inﬂuenced by differential particle sinking rates and threedimensional processes of mixing and ocean circulation. Regeneration takes place in the surface ocean and during the vertical
export of organic particles; decoupling between the regeneration
results from these experiments and water column depth proﬁles
thus highlights the inﬂuence of additional three-dimensional
processes. For example, the regenerated Cd : P ratios in these
experiments were much lower than those observed at depth
across ocean basins (de Baar et al. 1994) (Table 2; Fig. 10a),
reﬂecting the low levels of initial Cd and subsequent uptake in
the experiments. On the other hand, increased Cd concentrations at depth have been attributed to deep water formed in the
Southern Ocean (Quay et al. 2015; Middag et al. 2018). Thus,
given that the Cd : P regeneration mirrored Cd : P uptake in these
experiments, deviations in Cd : P through the ocean water column likely results from circulation processes, such as mixing of
these Southern Ocean water masses.
The Southern Ocean also plays an important role in inﬂuencing the concentrations of other trace metals and macronutrients,
including Zn and silicic acid, in other ocean basins (Sarmiento
et al. 2004; Quay et al. 2015; Vance et al. 2017; Middag et al.
2019), and mixing of deep-water masses may contribute to the
decoupling of Zn and silicic acid from phosphate in ocean water
columns. In all our experiments containing diatoms, silicic acid
displayed a nutrient-like proﬁle and was fully regenerated with
phosphate; no offset in the timing of the regeneration of these
two elements was observed (Fig. 4a–d). Zinc, although more variable, followed a trend similar to both phosphate and silicic acid
(Fig. 7c,d). Our results suggest then that deeper silicic acid and Zn
maxima observed in ocean water columns relative to phosphate
result from factors other than absolute regeneration rates. These
may include advection and mixing of silicic acid and Zn-enriched
water masses from high latitudes, as well as the preferential rapid
sinking of diatoms, and especially heavily Si-ballasted diatoms,
compared to nonsiliciﬁed particulate organic matter (Nelson
et al. 1995; Brzezinski et al. 2015). In our experiments, no export
to depth could occur, and any decoupling due to differential particle sinking and export would have been missed. The mixing of
deep-water masses, combined with the faster sinking rates of
more heavily siliciﬁed cells or aggregates (Brzezinski et al. 2015)
may have a larger inﬂuence on ocean silicic acid proﬁles and the
observed Zn-silicic acid coupling (Zhao et al. 2014; Middag
et al. 2019).
The artiﬁcial incubation environment also resulted in temperature and pH conditions (Table S1) unrepresentative of the deep
ocean. Both temperature and pH typically decrease with depth,
resulting in decreased solubility of opal in deep waters (Hurd
1972; Kamatani 1982). Increased temperatures may also increase
microbial regeneration of some trace metals (Lee and Fisher
1992). While pH generally decreased slightly over the course of
our experiments (Table S1), the temperature was controlled at
near-surface levels for the GoM system (22–26 C). Changes in

temperature and pH can also affect prokaryotic assemblages
responsible for regeneration processes such as Mn-oxidation and
nitriﬁcation, which may further complicate extrapolating these
results to the water column.
While silicic acid regeneration tracked closely with phosphate regeneration, nitrate regeneration was notably decoupled
from that of phosphate in all experiments (Fig. 4a,b,i,j). This
reﬂects the process of nitriﬁcation, whereby nitrogen is released
from decaying cells as ammonium then transformed ﬁrst to
nitrite and eventually nitrate (Von Brand et al. 1937; Dugdale
and Goering 1967; Zehr and Ward 2002), a process that typically occurs outside of the euphotic zone (Dugdale and Goering
1967; Zehr and Ward 2002). Notably, the regeneration of
nearly all the trace metals was observed prior to the regeneration of nitrate, raising the possibility of rapid regeneration of
trace metals relative to nitriﬁcation in the water column,
though differences between our experimental carboys and the
water column, like sinking particles and advection, must also
be considered.
It is also possible that the surface waters used for these
experiments contained different microbial communities than
deeper waters. Nitriﬁcation was observed to progress to different extents across the mixed assemblage experiments
(Fig. 4g,i). Nitrate was only fully regenerated in M2 (Fig. 4i).
In contrast, elevated nitrite persisted in M3, and M1 showed
relatively little regeneration of either nitrate or nitrite from
ammonium (Fig. 4e,g,i). Therefore, incomplete nitrate regeneration in these experiments was a departure from typical
oxic water columns, where nearly all nitrogen outside of the
euphotic zone exists in the form of nitrate. Prokaryotic
sequences were not obtained for M1; however, 16S rRNA
gene sequences from ammonia-oxidizing bacteria, including
the families Methylophagaceae, Nitrosomonadaceae, and
Nitrosococcaceae, were detected in M2 and M3 as early as
day 7 (Fig. 9), indicating that nitriﬁers were present in the
surface waters used for the experiments. The proportion of
16S rRNA gene sequences from nitrite-oxidizing bacteria
(family Nitrospiraceae) and ammonia-oxidizing archaea (family Nitrosopumilaceae) increased by day 97 in M2, but not
until day 176 in M3, supporting the slower progression of
nitriﬁcation observed in M3 macronutrient data. Since the
largest proportion of sequences belonging to nitrifying prokaryotes was detected at the ﬁnal time point of M2 and M3,
longer duration studies may be needed to allow complete
progression of nitriﬁcation.
Taken together, these experimental results were consistent
with the well-known decoupling of some trace metals and
macronutrients in the water column, such as Fe and nitrate
(Johnson et al. 1997; Twining et al. 2014; Boyd et al. 2017;
Tagliabue et al. 2017). However, our experiments do not indicate that differences in regeneration rates are the cause of this
decoupling. Rather, they suggest the relatively fast regeneration of trace metals with phosphate, ammonium, and silicic

1954

Hollister et al.

Regeneration of trace metals

acid, combined with a heavy scavenging inﬂuence for some of
the trace metals that lead to delayed regeneration signals
(e.g., Mn, Fe, Cu, Pb, Figs. 6a,b, 8).

Conclusions
Despite the differences in phytoplankton composition, regeneration trends were largely similar between the mixed assemblages and monocultures of P. dolorosa and K. brevis. These trends
in regeneration over time were compared to concentrations at
depth in order to evaluate the role of regeneration in trace
metal and macronutrient cycling. Phosphate concentrations
were depleted during phytoplankton grow-outs and rapidly
regenerated in the dark in all experiments, analogous to nutrienttype depth proﬁles. In contrast to water column proﬁles, however,
phosphate and silicic acid remained closely coupled in all diatomdominated experiments, suggesting an important role of differential particle sinking and ocean circulation in governing silicic acid
concentrations at depth. Nitriﬁcation and the presence of nitrifying prokaryotes were only apparent near the end of a subset of
experiments, suggesting that future experiments may need to be
conducted over longer timescales or under conditions more consistent with deep waters to fully characterize this process. Cadmium (Cd), and, to a lesser extent Zn, tracked well with
phosphate. The return of silicic acid, phosphate, and Cd to initial
concentrations indicates that phytoplankton cells in the experiments were fully regenerated.
For the elements not returned to initial concentrations, it can
be inferred that other factors such as scavenging, wall loss, and/or
heterotrophic uptake were present. In all experiments, heterotrophic prokaryotes increased early in the regeneration, reaching a
maximum within the ﬁrst 7 d. Manganese (Mn) was drawn down
over the course of all experiments, attributed to the presence of
Mn-oxidizing bacteria. Although all experiments showed evidence of Mn-oxide formation, P1 was the most heavily dominated by scavenging: Mn, Pb, Fe, Ni, and Cu all decreased
through the duration of the experiment. In the mixed assemblages and K1, Fe followed a delayed regeneration similar to that
observed in a previous regeneration experiment with biogenic silica sediments (Cheize et al. 2019), implying similar regeneration
processes for Fe in the water column and sediments. Although
the timing of this delay was variable, Fe generally began to
increase only when Mn had been depleted and stabilized, indicating that the Fe regeneration signal was suppressed by scavenging to these Mn-oxides or was delayed by other factors. Lead (Pb),
a non-nutritive element, was also primarily governed by scavenging, and showed little regeneration over the course of the experiments. Copper (Cu), Ni, and Co were more conservative,
although Cu and Ni also followed a slight delayed regeneration
similar to Fe in the mixed assemblages. Taken together, these
experiments provide unique insight into the role of phytoplankton regeneration in contributing to water column trace metal
and macronutrient concentrations.
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